ABSTRACT Maternal exposure to environmental pollutants could affect fetal brain development and increase autism spectrum disorder (ASD) risk in conjunction with differential genetic susceptibility. Organohalogen congeners measured in maternal midpregnancy blood samples have recently shown significant, but negative associations with offspring ASD outcome. We report the first large-scale maternal and fetal genetic study of the midpregnancy serum levels of a set of 21 organohalogens in a subset of 790 genotyped women and 764 children collected in California by the Early Markers for Autism (EMA) Project. Levels of PCB (polychlorinated biphenyl) and PBDE (polybrominated diphenyl ether) congeners showed high maternal and fetal estimated SNP-based heritability (h 2 g ) accounting for 39-99% of the total variance. Genome-wide association analyses identified significant maternal loci for p,p9-DDE (P = 7.8 · 10 211 ) in the CYP2B6 gene and for BDE-28 (P = 3.2 · 10 28 ) near the SH3GL2 gene, both involved in xenobiotic and lipid metabolism. Fetal genetic loci contributed to the levels of BDE-100 (P = 4.6 · 10 28 ) and PCB187 (P = 2.8 · 10 28 ), near the potential metabolic genes LOXHD1 and PTPRD, previously implicated in neurodevelopment. Negative associations were observed for BDE-100, BDE153, and the sum of PBDEs with ASD, partly explained by genome-wide additive genetic effects that predicted PBDE levels. Our results support genetic control of midgestational biomarkers for environmental exposures by nonoverlapping maternal and fetal genetic determinants, suggesting that future studies of environmental risk factors should take genetic variation into consideration. The independent influence of fetal genetics supports previous hypotheses that fetal genotypes expressed in placenta can influence maternal physiology and the transplacental transfer of organohalogens.
deficits in use of language and social communication, sensory dysfunction, and restricted interests that emerge during infancy. Available genetic data based on family studies and twin studies have highlighted high heritability for ASD between 40 and 90% (Gaugler et al. 2014; Sandin et al. 2014 ) and a strong polygenic contribution, but single major genetic risk factors are identified in at best 20% of cases (Abrahams and Geschwind 2008) . Recent studies have focused on the identification of nongenetic determinants of ASD risk and suggested a strong contribution of environmental factors (Grandjean and Landrigan 2014; Rice and Barone 2000) ASD risk might be influenced by a complex interplay between genetic and environmental risk factors.
Several organohalogen compounds, such as persistent organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), and flame retardants like polybrominated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs) widely used in industrial and domestic settings in the past, have been phased out from use in the United States, but due to their persistence continue to be detected in the bloodstream, liver, breast milk, adipose tissue, and placenta (Leonetti et al. 2016) . Several studies in animal models provide evidence that exposure to PCBs and PBDEs during development can adversely affect behavior (Korrick and Sagiv 2008; Lilienthal et al. 2006) , learning and memory (Eriksson et al. 2001) , thyroid function (Legler and Brouwer 2003; McDonald 2002) , and dopaminergic neurotransmission (Choksi et al. 1997) . Furthermore, exposure to p,p9-DDE has been found to adversely affect the immune system (Rogan and Chen 2005) and glucose metabolism (Debost-Legrand et al. 2016) . During pregnancy, organohalogens that have accumulated in the maternal bloodstream cross the placenta and may disrupt fetal brain development and influence fetal immune system development or fetal endocrine function, which in turn may also contribute to the risk of ASD. Previous studies have reported conflicting associations for different PBDE and PCB congeners with ASD symptoms (Braun et al. 2014; Mitchell et al. 2012; Nowack et al. 2015) . Recently, two papers from the Early Markers for Autism (EMA) study -a population-based case-control study of autism and developmental disability in Southern California -have shown significant association between several organohalogens measured in maternal serum midpregnancy and ASD outcome in offspring: PCB138/158 and PCB153 were positively associated with ASD outcome, but surprisingly, levels of BDE-47, -99, -100, -153, and the sum of these PBDE congeners were negatively associated with ASD outcome (Lyall et al. unpublished results, 2016) . It is the objective of this paper to determine the role of unexplored factors such as genetic determinants of or interactions with PCB and PBDE levels on these observations. Our primary hypothesis was that the circulating midgestational levels of organohalogens would be driven by common maternal genetic determinants, and that these results could shed light on the observed associations between the organohalogens and ASD. We carried out the first genome-wide maternal SNP-based heritability and association analyses of maternal serum levels of organohalogens and we assessed whether the genome-wide associated genetic factors were also associated with ASD outcome. Additionally, we hypothesized that fetal genetics might be associated with the midgestational maternal circulating levels of organohalogens, actively regulating the maternal-fetal chemical transfer and accumulation.
MATERIALS AND METHODS
Study population and blood sampling Our study population was derived from the EMA study (Croen et al. 2008; Tsang et al. 2013 ), a population-based nested case-control study that included mother-infant pairs drawn from the population of pregnant women (15-20 wk) in Orange, San Diego, and Imperial Counties, California, who were enrolled in the State's Prenatal Expanded Alphafetoprotein Screening Program and delivered a liveborn infant in 2000-2003 with a newborn screening bloodspot available. The offspring outcome of ASD was ascertained from the client files of the two regional centers (RCs) providing services to individuals with developmental disabilities living in these counties and verified by study clinician expert review of records according to a protocol developed by the Metropolitan Atlanta Developmental Disabilities Surveillance Program, as described previously (Tsang et al. 2013) . The controls were randomly sampled from the birth certificate files and matched to ASD cases by sex, birth month, and birth year (Tsang et al. 2013) . Maternal blood samples were collected in serum separator tubes at 15-20 wk gestation and stored as part of Project Baby's Breath. Serum was stored in cryovials and cell pellets stored in Serum separator tubes (SSTs) at 220°. Newborn blood spots were collected on filter paper 1-2 d after birth and stored at 220°a nd maintained by the Genetic Disease Screening Program, California Department of Public Health. Six polybrominated congeners 11 polychlorinated congeners (PCB28, 99, 118, 138/158, 153, 170, 180, 187, 194, 196/203, 199) , and two OCPs [p, and trans-nonachlor (T-NONA)] were measured in maternal serum by gas chromatography isotope dilution high-resolution mass spectrometry as previously described in Sjödin et al. (2004) . Concentrations of these organohalogens were reported as ng/g lipid weight subtracted for the analytical background detected in blank samples. All concentration data were corrected for the average amount present in blank samples, and three blanks were included in every set of 30 samples as previously described (Sjödin et al. 2004) . All study procedures were approved by the institutional review boards of the California Health and Human Services Agency and Kaiser Permanente Northern California; it was also determined by the University of California, San Francisco (UCSF) Committee on Human Research that the institution was not engaged in research on human subjects.
DNA extraction and genotyping
The QIAGEN QIAamp 96 DNA Blood Kit was used to extract DNA from a subset of maternal and neonatal blood samples and the Invitrogen Quant-iT DNA Assay Kit to measure the DNA concentration by the biomedical laboratory at Utah State University, as previously described (Tsang et al. 2013) . For newborn samples, the dried bloodspot (about 14 mm in diameter) collected on filter paper was entirely punched with a 3.2-mm paper punch. Since there is little DNA in a 3.2-mm paper punch, 15-18 punches were used for DNA extraction. Maternal and neonatal samples were genotyped using the Affymetrix Axiom (Affymetrix 2011) EUR array (675,000 SNPs across the genome) by the Genomics Core Facility (GCF) at UCSF, using standard protocols. Genotype calling was carried out using Affymetrix Power Tools ("Affymetrix Power Tools, Affymetrix Website"), as previously described (Tsang et al. 2013) .
Individual-based and marker-based quality controls were performed with PLINK software (Purcell et al. 2007 ; http://zzz.bwh.harvard.edu/ plink/) as reported in Tsang et al. (2013) . We evaluated Mendelian errors of inheritance in all of our complete maternal-neonatal pairs and excluded markers with $0.10 of these errors. We also excluded markers that violated Hardy-Weinberg Equilibrium (HWE) in control mothers (P-value , 10 210 ) using the Hardy-Weinberg exact test statistic. Additionally, we extracted only common SNPs (MAF $ 1%). Two high-quality datasets were used in our analysis: the first dataset included 790 maternal samples (390 ASD cases, 400 controls) and 629,686 genotyped markers and the second dataset included 764 neonatal samples (385 ASD cases, 379 controls) and 622,716 genotyped markers. Most of these were related pairs of maternal-neonatal samples (366 case pairs, 369 control pairs). The maternal dataset was a subset of those with chemical biomarker levels previously reported (Lyall et al. 2015 (Lyall et al. , 2016 ) (1144 maternal samples: 545 with offspring affected with ASD, 181 with intellectual disability, and 418 controls).
Ancestry analysis
The distribution of maternal race/ethnicity as documented on the birth certificate was as follows: 42% Hispanic, 35% non-Hispanic Caucasian, 15% Asian, 3% South Asian, and 3% African American (Supplemental Material, Table S1 in File S1). We also carried out genome-wide multidimensional scaling (MDS) analysis separately on high-quality markers genotyped in women and in newborns included in our dataset using a pairwise distance genomic matrix and the multi-dimensional scale functions implemented in PLINK software (Purcell et al. 2007 ) (-cluster and-mds plot). The resulting maternal and fetal genetic matrices included 10 principal coordinates that summarized the genetic distance between each maternal and neonatal sample. The proportion of the total genetic variance accounted by the first two MDS principal coordinates (PC1, PC2) were estimated by princomp() command in the R 3.2.0 environment (R Core Team 2014) and plotted for maternal and neonatal genotypes ( Figure S1 , a and b in File S1). The genetic distances among different ancestry groups were highlighted in the PC1 and PC2 chart: most of the women were contained within a distinct ancestry cluster matching their self-reported group (Table S1 in File S1), but 10% of them were between clusters ( Figure S1c in File S1). In order to account for population stratification, we included the first 10 principal coordinates in our analysis. In addition, we calculated a two-sample Mann-Whitney Wilcoxon test in R 3.2.0 (R Core Team 2014) environment to test whether, within each ancestry cluster, cases and controls showed significant differences for each MDS principal coordinate: Hispanic women showed significant differences between cases and controls along the first two principal coordinates (Table S1 in File S1). Non-Hispanic clusters include well-matched proportions of mothers of ASD cases and mothers of controls. Hispanic controls exceed the number of cases, as expected based on lower ASD rates in Hispanic families reported in the literature (Windham et al. 2011; Croen et al. 2002; Autism and Developmental Disabilities Monitoring Network Surveillance 2007) .
Confounding factors for PBB, PBDE, and PCB serum levels The log-transformed serum levels of BB-153, two OCPs (T-NONA and p,p9-DDE), five PBDEs (BDE-28, -47, -99, -100, -153), and 11 PCB congeners (28, 99, 118, 138/158, 153, 170, 180, 187, 194, 196/203, 199) for which at least 60% of the study group had values above the limit of detection (LOD), except BDE-28 (only detected in 55% of the study group), were included in this study. Two additional variables for total PBDEs and PCBs were created by summing the individual concentrations of congeners with detection rates .60% (Sum PBDE and Sum PCB), as previously described (Lyall et al. 2015 (Lyall et al. , 2016 . We also examined the sum of congeners with detection rates .80% but we did not find any differences compared with the less stringent criteria. For participants with measurements below the LOD, values were replaced with LOD/O2 (Sjödin et al. 2013; Axelrad et al. 2009 ).
After outlier exclusion, using a threshold of 3 or 4 SD from the mean (based on normality tests of organohalogen distributions), we analyzed the effect of available sociodemographic covariates on the levels of BB-153, OCPs, PBDEs, and PCBs with linear regression models in the subset of genotyped women using the R 3.2.0 environment (R Core Team 2014) (Table S2 in File S1). Following Lyall et al. (2015) we included several confounding factors, such as maternal country of birth (USA, Mexico, other) and age at midpregnancy (15-45 yr old) and offspring gender and month of birth, as well as offspring ASD affection status, maternal educational attainment (elementary, high school, college, postgraduate), and genetic ancestry (the first 10 coordinates).
We tested the correlation between organohalogens and the first 10 ancestry principal coordinates in three subsets of women selected from distinct ancestry groups. Hispanic (N = 284), Caucasian (N = 261), and Asian (N = 116) women were separately analyzed (Figure S1c in n File S1). After ancestry adjustment, the mean value of the residual levels of congeners did not show significant differences among ancestry groups (two-sample Mann-Whitney Wilcoxon test P . 0.1), suggesting that the first 10 principal coordinates accounted for bias due to population stratification (data not shown).
Offspring ASD outcome association with congeners After adjustment for the sociodemographic covariates listed above via regression, we tested for differences between the residuals for BB-153, OCPs, PBDEs, and PCBs in mothers of ASD cases and mothers of controls with a two-sample Mann-Whitney Wilcoxon test in the R 3.2.0 environment (R Core Team 2014). We assessed the linear correlation across congeners with Spearman's test implemented in R 3.2.0 "corrplot" package (R Core Team 2014).
SNP-based heritability and genetic correlation
The final set of maternal and neonatal autosomal high-quality markers were used to generate genetic-relationship matrices and calculate marker-based additive heritability (h 2 g ) of organohalogen serum levels with a Restricted Maximum Likelihood [REML (Yang et al. 2010) ] model implemented in GCTA software (Yang et al. 2011 ; http://cnsgenomics. com/software/gcta/). The heritability estimation indicates the proportion of the total organohalogen levels (phenotypic variance or V p ) accounted for by the genetic variance (V g /V p ) after the exclusion of the effect of the sociodemographic and case/control status covariates. We assessed the power of the heritability estimation in our dataset via the REML approach with GCTA-GREML Power Calculator (Visscher et al. 2014) . To determine whether correlated organohalogens (see above) or related organohalogens (Lyall et al. 2015 (Lyall et al. , 2016 shared genetic determinants, we estimated the genetic correlations (r g ) between all possible organohalogen pairs using the estimated heritability (h 2 g ) for each compound in a bivariate REML (Lee et al. 2012 ) model in GCTA software (Yang et al. 2011 ) and compared them to the linear correlations across each pair with cor.test() in the R 3.2.0 "stats" package (R Core Team 2014). We applied Fisher's z transformation test in the R 3.2.0 environment (R Core Team 2014) to assess significant differences between estimated correlation coefficients. To assess whether the genetic factors that explain organohalogen levels (via SNP-based heritability) might also explain the reported association between organohalogen levels and ASD outcome, we estimated organohalogen-specific best linear unbiased prediction (BLUP) values for each individual adjusted for the sociodemographic covariates with the GCTA software (Yang et al. 2011) . Individual BLUP values summarize, for a specific organohalogen, the individual total genetic effects explained by the genomewide SNPs excluding the effect of the confounding factors. We then included BLUP variables in organohalogen-specific linear regression models as covariates. We used the obtained organohalogen residuals after adjustment for BLUP in linear regression models with ASD outcome variable to assess the association between ASD outcome and the "nongenetic" variation in organohalogen levels.
Genome-wide association study
We performed congener-specific genome-wide association studies (GWAS) for maternal and fetal common SNPs using a linear model implemented in PLINK software (Purcell et al. 2007 ) (-linear, taking into account the effect of the covariates). Then, we used the Locuszoom (Pruim et al. 2011 ; http://locuszoom.sph.umich.edu/locuszoom/) tool to generate regional genomic plots and assess linkage disequilibrium (LD) among associated SNPs. We use the genome-wide significance threshold (P , 5 · 10 28 ) and suggestive threshold (P , 1 · 10 27 ) to account for approximate independent common polymorphism testing per GWAS (Risch and Merikangas 1996; Pe'er et al. 2008) . We have tested many correlated biomarkers and performed testing in related mothers and offspring; although these add to the multiple testing burden, they are nonindependent, thus we were unable to calculate exact correction for study-wide significance and present uncorrected P-values.
Maternal and fetal contribution to the associated loci For each maternal organohalogen that showed a genome-wide significant maternal locus that is also suggestively associated in fetal genetics, we assessed whether the association were controlled by maternal and/or fetal genetics. We performed linear regression modeling including the whole set of covariates and the genotypes of maternal-and fetalassociated SNPs, and we assessed the residual association for maternal and fetal genotypes.
Genetic determinants affecting organohalogen-ASD association
We wanted to understand whether genetic determinants associated with pollutants demonstrating statistically significant associations with ASD might drive the association between organohalogens and ASD or show interaction effects. Thus, we selected each maternal and neonatal compound-specific top SNP for pollutants associated with ASD and we included each genotype in distinct linear models for log-transformed organohalogen levels and in logistic regression models for ASD outcome, and we assessed both main effects and interaction terms with affection status. We then assessed whether the top SNPs changed the association between log-transformed organohalogen levels and ASD or whether the top SNPs interact with ASD. We calculated with mRnd (Brion et al. 2013 ) whether our dataset had enough power for a Mendelian n Table 2 SNP-based maternal and fetal heritability for polybrominated diphenyl ethers (PBDEs) and 2, 29, 4, 49, 5, Randomization analysis (Elliott et al. 2009 ), an approach that takes advantage of the random allocation of the alleles at conception to demonstrate that a genetic variant known to modify the level of a quantitative trait (e.g., PBDE) could also modify the disease risk (e.g., ASD) and may represent indirect evidence of a causal association between the quantitative trait and disease.
Data availability
The full genome-wide summary-level results for each congener analyzed are available in two compressed supplemental material tables (Table S3  and Table S4 ).
RESULTS

Midgestational organohalogen associations with offspring ASD outcome
We examined the association of midgestational concentrations of 19 organohalogens and the sums of PBDEs and PCBs (Sum PBDE, Sum PCB) with ASD outcome in the genotyped subset of the EMA cohort used for this study. We replicated significant or suggestive negative association for three polybrominated compounds (BDE-100, 153, and Sum PBDE P , 0.05) ( Figure S2 in File S1 and Table 1 ) (Lyall et al. 2016) . No significant association with the persistent pesticides or OCPs (Lyall et al. 2015 ) (p,p9-DDE and T-NONA) was detected; nor did we observe the positive nominally significant association between PCBs and ASD outcome (Lyall et al. 2015) in our analyses parameterizing exposure continuously (Table 1) . However, when analyzing PCB138/158 or 153 using a quartile analysis approach (Table S5 in File S1) we found consistent results with the previous findings shown in the full EMA sample (Lyall et al. 2015) .
Maternal SNP-based heritability of midgestational organohalogen levels Maternal common genetic factors accounted for 39-93% of the variance in organohalogen levels across the set of polybrominated compounds, but they showed high SEs and estimates were nonsignificant for BDE-28 and BDE-99 (Table 2 ). There was no evidence of heritability for OCPs, whereas we found some degree of heritability, although not statistically significant, for a few PCB congeners (Table 2 ). Our modest sample size did not reach sufficient power for a reliable estimation of SNP-based heritability (power = 70% to estimate h 2 g = 0.99), thus lack of significance may not indicate absence of heritability.
We estimated linear correlations within and between different categories of organohalogens ( Figure S3 in File S1). To assess patterns of organohalogens that share genetic determinants, we calculated the coheritability (genetic correlation) intra-and interclass between all organohalogen pairs, and we compared genetic correlations to linear correlations. We expected that genetic correlation between two chemicals might be higher than linear correlation if there are differences in the sources of exposure among organohalogens and/or a different impact of additional environmental factors, such as diet or lifestyle, that may contribute to the accumulation of organohalogens but similar genetic determinants relevant to multiple organohalogens. In contrast, significantly lower genetic correlations than linear correlations could indicate coexposure and/or similar contribution of contributing environmental factors but different genetic determinants. Most of the significant genetic correlation coefficients were also significantly higher than the matched linear correlation coefficients except for BDE-153 pairwise correlations with BDE-28, BDE-99, and BDE-100 (Table 3) .
Maternal genome-wide association analysis of midgestational organohalogen concentrations Maternal genome-wide association via linear regression identified a common SNP on chromosome 19q13.2, rs7259965, that reached genome-wide significance for p,p9-DDE (b = 0.32, SE = 0.05, P = 7.8 · 10 211 ) and BDE-99 (b = 0.32, SE = 0.06, P = 2.1 · 10 28 ) (Tables S6 in  File S1 ) and nominally significant association (P , 0.05) with other PBDE congeners (Table 4) , except BDE-153. This SNP maps to the CYP2B6 gene ( Figure 1A ) which encodes a member of the cytochrome P450 superfamily of lipase oxidase.
A second maternal SNP was associated with several PBDE congeners: low-frequency variant rs11789653 (MAF = 0.025) reached genome-wide significance for low-detected BDE-28 (b = 0.65, SE = 0.12, P = 3.2 · 10 28 ) (Table S6 in File S1) and showed nominal significance with other PBDEs, p,p9-DDE, PCB118, and PCB153 (Table 4 ). The marker rs11789653 resides on chromosome 9p22.2 between ADAMTSL1 and SH3GL2 ( Figure 1B ): ADAMTSL1 or punctin is a secreted molecule resembling members of the ADAMTS (a disintegrin-like and metalloprotease domain with thrombospondin type-1 repeats) family of proteases and SH3GL2 [Src homology 3 (SH3) domain GRB2-like 2] encodes the endophilin-1 protein. BDE-100, BDE-153, and SumPBDE, which were negatively and significantly associated with offspring ASD outcome, did not show genome-wide significant association but demonstrated suggestive or nominal association with two SNPs (rs2855812: BDE-100, b = 20.35, SE = 0.07, P = 2.9 · 10 27 ; Sum PBDE, b = 20.29, SE = 0.06, P = 1.8 · 10 26 , rs17506613: BDE-153, b = 20.27, SE = 0.06, P = 1.1 · 10 26 ) that map to MICB and TACC1 genes, respectively (Table S6 in File S1). The sum of PCB congeners showed an association near genomewide significance with the low-frequency SNP rs35560597 that maps near FST and NDUFS4 on chromosome 5q11.2 (b = 0.79, SE = 0.15, P = 7.9 · 10 28 ) ( Figure S4a and Table S6 in File S1), with the most significant individual congener effect for PCB28 (P = 3.5 · 10 26 ). Other loci showed suggestive association (P , 5.0 · 10 27 ) mainly with PCB congeners (Tables S6 and S7 in File S1): rs75107653 (PCB196/203, b = 0.57, SE = 0.11, P = 8.6 · 10 28 ) maps near SETMAR and SUMF1 on chromosome 3p26.1; rs4945829 (PCB196/203, b = 20.16, SE = 0.03, P = 1.1 · 10 27 ) maps adjacent to the CCDC162P gene and near the CEP57L1 and CD164 genes on chromosome 6q21, and rs10500669 (PCB187, b = 0.20, SE = 0.04, P = 2.5 · 10 27 ) is located on chromosome 11p15.4 near the PRKCDBP gene ( Figure S4 , b-d and Table S6 in File S1). BB-153 is suggestively associated with a locus on chromosome 18p11.31 (rs56385737, b = 0.44, SE = 0.08, P = 3.1 · 10 27 ), which maps to the DLGAP1 gene ( Figure S4e and Table S6 in File S1).
Fetal SNP-based heritability of midgestational organohalogen concentrations
We calculated the contribution of fetal genetic factors to the variability of midgestational maternal levels of organohalogens by utilizing neonatal DNA samples. Fetal heritability of PBDEs (66-99%) exceeded maternal estimates (39-93%) but similarly high SEs occurred due to the small sample size (Table 2 ). There were two significant fetal heritability estimates for PCBs, one for PCB153 (h 2 g = 0.58, SE = 0.34, P = 0.04) and one for PCB138/158 (h 2 g = 0.57, SE = 0.34, P = 0.04) ( Table 2) . BDE-153 showed significant fetal genetic correlations with BDE-28, -47, and -99, which were higher than estimated maternal genetic correlations (Table 3) . However, some pairwise genetic correlations could not be calculated due to the small sample size (Table 3) .
Fetal genome-wide association analysis of midgestational organohalogen concentrations Fetal genome-wide association of midgestational maternal levels of organohalogens identified one SNP, rs72692916, significantly associated with PCB187 (MAF = 0.05; b = 20.42, SE = 0.08, P = 2.8 · 10 28 ) and suggestively associated across PCBs except PCB28 (Figure 2A and Table S8 in File S1). This SNP is located on chromosome 9p24.1 and maps to the PTPRD gene. A second SNP, rs72913475, on chromosome 18q21.1 that maps to the LOXHD1 gene was significantly associated with BDE-100 (MAF = 0.08; b = 0.55, SE = 0.1, P = 4.6 · 10 28 ) and showed effects with other PBDEs ( Figure 2B and Table S9 in File S1). Maternal PBDEs and PCBs were also associated with several additional loci at the suggestive level in offspring DNA (Table S9 in File S1).
Maternal and fetal contribution to the associated loci Because we had mother-infant pairs, we were able to test whether the genetic loci significantly associated with organohalogens were controlled by maternal or fetal genetics, i.e., whether we observed fetal association only because of the inheritance of maternal alleles. We selected maternal top SNPs for each organohalogen meeting P , 5.0 · 10 28 (Table S6 in File S1) that also showed nominal effects in fetal genetic associations of the same congener: rs7259965 in CYP2B6 (p9-p9-DDE, maternal P = 7.8 · 10 211 ; neonatal P = 1.9 · 10 24 ; BDE-99, maternal P = 2.1 · 10 28 ; neonatal P = 1.3 · 10 25 ), rs11789653 near ADAMTSL1-SH3GL2 (BDE-28, maternal P = 3.2 · 10 28 ; neonatal P = 4.7 · 10 26 ), rs75107653 near SETMAR-SUMF1 (PCB196/203, maternal P = 8.6 · 10 28 ; neonatal P = 2.0 · 10 24 ), and rs10500669 near PRKCDBP (PCB187, maternal P = 2.5 · 10 27 ; neonatal P = 1.6 · 10 23 ) were used. Additionally, we selected one fetal top SNP rs72913475 in LOXDH1 (Table S5 in File S1) that showed nominal effects in maternal genetic associations of BDE-100 (maternal P = 4.7 · 10 23 ; neonatal P = 4.6 · 10 28 ). We included the genotypes of each pair of maternal-fetal SNPs in linear models to assess whether maternal and/or fetal genetic factors showed an independent contribution to the association of each respective congener above. The maternal-fetal combined models that include genome-wide maternal-associated SNP and nominal fetal SNP showed attenuated or nonsignificant fetal association and vice versa; the combined model that includes the genome-wide fetal-associated SNP and the same nominal maternal SNP showed only significant fetal association (Table 5) . We did not find evidence that maternal genetic factors contributed independently to loci detected via fetal association or vice versa, suggesting that fetal and maternal genetics have separate effects (Table 5) .
Effect of maternal and fetal PBDE genetic factors on ASD outcome
We expected that the genetic factors that contribute to BDE-100, -153, and Sum PBDE might drive the association with ASD outcome (Table 1) .
n Table 4 Genome-wide and nominally significant association of maternal chr9:rs11789653 and chr19:rs7259965 across congeners chr19:rs7259965 -MAF = 0.29 chr9:rs11789653 -MAF = 0.025 In each category, the results are shown in alphanumeric order. The genome-wide significant associations are shown in bold and the suggestively significant associations are in italics. Genome-wide association threshold is P = 5 · 10 28 and suggestive association threshold is P = 5 · 10 26 . MAF, minor allele frequency; SE, standard error; NS, not significant.
After the inclusion of individual estimates of the maternal and fetal total additive genetic effects (summarized in a BLUP) in the linear regression models, we found strongly attenuated or nonsignificant association between ASD outcome and PBDEs, supporting this hypothesis (Table 6 ). In order to investigate whether individual loci could account for this attenuation, we considered the most associated maternal and fetal SNPs for BDE-100 and BDE-153. Since no maternal genome-wide significant associated loci emerged for BDE-100 and BDE-153 and only one genome-wide (GW) fetal locus is associated with BDE-100 (Tables S6 and S9 in File S1), we selected two maternal SNPs (rs2855812: BDE-100, b = 20.35, SE = 0.07, P = 2.9 · 10 27 , rs17506613: BDE-153, b = 20.27, SE = 0.06, P = 1.1 · 10 26 ) and one fetal SNP (rs72913475: BDE-100, b = 0.55, SE = 0.10, P = 4.6 · 10 28 ) most strongly associated with congeners related to ASD outcome to determine whether they might explain the negative relationship between PBDEs and ASD. We excluded Sum PBDE from our analysis because we are not able to easily interpret any finding that links the sum of congener levels with ASD outcome. These SNPs were not themselves associated in logistic models with ASD outcome, and they did not account for the association between maternal PBDE congeners and ASD outcome in offspring (P . 0.1, each). No significant ASD by SNP interactions were identified (data not shown). However, given that the three associated SNPs accounted for a small proportion of each PBDE level variance (rs2855812 s = 3.0%; rs17506613 s = 2.5%, rs72913475 s = 3.7%), we calculated that our case-control sample size has a power at 80% (a = 0.05) of detecting an OR approximately below 0.3 (strong protective effect) for ASD per each PBDE unit. Our case-control analysis is thus underpowered to draw strong conclusions about individual SNPcongener relationships because the estimated ORs for ASD per unit were 0.82 and 0.84 for BDE-153 and -100, respectively (Table 1) .
DISCUSSION
We report here the first large-scale genetic study of the maternal peripheral blood levels of several environmentally persistent and potential neurotoxic organohalogen compounds measured in midpregnancy, among a diverse-ancestry population of women. We first assessed whether maternal circulating levels of organohalogens were regulated by maternal genetic factors. For the first time, we found evidence that a large proportion of maternal circulating levels of BB-153, BDE-47, -100, -153, and their sum was significantly controlled by common genetic factors [h 2 g (73-99%)]. Additionally, some pairs of PBDE congeners showed genetic correlation significantly higher than linear correlation, indicating that even when the exposure sources and/or the contribution of diet and lifestyle to the pollutant accumulation in the body differ between organohalogens, shared genetic factors can affect the observed circulating levels, e.g., metabolism or lipid levels. In GWAS analysis to identify the maternal genetic factors that regulate circulating levels of midgestational organohalogens, maternal genome-wide significant associations between p,p9-DDE and PBDE levels and a SNP which maps within the CYP2B6 locus were found. Our results suggest that the encoded P450 2B6 enzyme may influence the levels of circulating organohalogens, but the function of the associated SNP rs7259965 (or its LD proxies) on enzyme expression or function is unknown. The encoded protein is a member of the cytochrome P450 superfamily of enzymes that catalyze reactions involved in xenobiotic metabolism and drug pharmacokinetics, in synthesis of cholesterol, steroids, and other lipids. Previous evidence of association between CYP genes and ASD or autistic traits has been reported in studies motivated by sex-hormone biosynthesis but not including environmental biomarkers (Chakrabarti et al. 2009) . A study (Lind et al. 2016) published when this paper was under review highlighted a significant association between rs7260538 in CYP2B6 and p,p9-DDE levels measured in a Swedish cohort of 1016 elderly individuals and, after conditional analysis using the lead SNP, a second SNP, rs7255374, showed an independent genome-wide significant association (P = 2.2 · 10 28 ). We did not genotype the published SNPs but based on a 1000 Genome reference panel, our associated SNP (rs7259965) is in low LD with rs7260538 (r 2 , 0.4) and in high LD with rs7255374, the second independent associated SNP (r 2 between 0.6 and 0.8). Recently, SNPs in the CYP2B6 gene were also associated with the circulating levels of BDE-47 in 1500 elderly individuals (Penell et al. 2014) . Enzymes in this class are known to act as mediators of the oxidative transformation of PCB (Gährs et al. 2013; Lehmler et al. 2010) and PBDE congeners into hydroxylated compounds in the liver. In particular, P450 2B6, encoded by CYP2B6, emerged as the most active enzyme.
Additionally, Ng et al. (2015) showed a genome-wide association between rs8109848 (b = 0.34, SE = 0.05, P = 3.7 · 10 213 ) in CYP2B6 and PCB levels in the same Swedish cohort. We did not genotype the published SNP and we only found nominally significant association across PCBs with rs7246465 in the opposite direction (r 2 . 0.4 linkage disequilibrium with rs8109848). The PBDE-associated CYP2B6 SNP rs7259965 was only nominally significant for the sum of PCB congeners (Sum PCB; b = 0.08, SE = 0.04, P = 0.02). Our sample could be underpowered to find CYP2B6 association with PCB levels or the differences in enrolled subjects between the Swedish study and ours (both genders .70 yr old vs. females-only ,45 yr old) might explain lack of replication, particularly given that PCB levels have shown differences across gender (Salihovic et al. 2012) and age (Needham et al. 2006) .
Our results also highlighted maternal near genome-wide significant associations between PCB levels and SNPs that map within or near loci involved in hormone or lipid metabolism: SUMF1 encodes the sulfatasemodifying factor 1, the key activator of sulfatases that regulate sulfate homeostasis, a fundamental biologic process for fetal development and hormone metabolism (Dawson et al. 2013; Settembre et al. 2007 ). The protein kinase C d binding protein PRKCDBP is a candidate tumor suppressor gene and a transcription target of TNF-a, a critical proinflammatory cytokine, which plays a crucial role in colonic inflammation and tumorigenesis and is involved in the regulation of circadian clock components and metabolic syndrome (Kovanen et al. 2014) . FST or follistatin is secreted by the liver based on the glucagon-to-insulin ratio (Hansen et al. 2016) and inhibits follicle-stimulating hormone release. An SNP near NDUFS4 was associated with the sum of PCBs and encodes a member of the complex I of the mitochondrial respiratory chain NADH dehydrogenase included in the metformin pathway in liver cells. Metformin is known (Ota et al. 2009; Owen et al. 2000; El-Mir et al. 2000) to inhibit the respiratory complex I and consequently, increase the cellular AMP:ATP ratios that may activate AMPK, a major cellular regulator of lipid and glucose metabolism (Owen et al. 2000; Hardie 2006) Based on previous evidence that fetal genotypes may affect processes that alter pre-and postnatal maternal physiology (Liu et al. 2015a; Petry et al. 2007 Petry et al. , 2014 , we hypothesized that the circulating levels of maternal organohalogens could also be influenced by fetal genetic factors that might play an active role in controlling the toxicant disposition between mother and fetus. Surprisingly, we found that the heritability and genetic correlation results for midgestational levels of , and Sum PBDE showed evidence for a higher impact of the total fetal genome-wide SNP-based genetic effects on maternal compound levels than the total maternal genetic effects, using equivalent datasets. These results suggest that the maternal circulating levels of some compounds were more highly influenced by fetal genetic factors than maternal genetics. When assessing the association between maternal circulating organohalogens and fetal SNPs, we found two loci that reached genome-wide significance: the first SNP associated with PCB187 maps to the PTPRD gene that encodes the tyrosine phosphatase receptor d that regulates learning processes and synaptic plasticity and has recently been identified as a novel locus for ASD in Asians (Liu et al. 2015b) . PTPRD may localize in axons and in dendrites to regulate their elaboration in the central nervous system (Shishikura et al. 2016) and it showed moderate expression in fetal trophoblasts of the placenta (see www.proteinatlas.org/ENSG00000153707-PTPRD/tissue/primary+data). The second BDE-100-associated locus maps to the LOXHD1 gene (Lipoxygenase Homology Domains 1) that encodes a protein that consists of PLAT (polycystin/lipoxygenase/alpha-toxin) domains (Bateman and Sandford 1999) , thought to be involved in targeting n proteins to the plasma membrane (Aleem et al. 2009 ). We did not find evidence of independent maternal contribution in fetal-driven associations or vice versa. Our findings showed that the strong genetic basis for midgestational circulating organohalogen levels includes contributions from a set of nonoverlapping maternal-driven and fetal-driven genetic factors, which we could then utilize to follow up association between circulating chemicals and ASD. We confirmed that the serum levels of BDE-100, -153, and the total sum of PBDEs were significantly lower in mothers of ASD-affected children compared to mothers of control children, as reported in the full EMA study (Tsang et al. 2013) . In the original EMA study sample, we highlighted positive associations between the highest quartile (relative to the lowest quartile) of PCB 138/158 and PCB 153 and risk of ASD (Lyall et al. 2015) . In the genotyped subset of the EMA sample studied here, examining continuously modeled PCB levels, we did not find association between maternal PCB congeners and ASD risk (P . 0.1). The difference is due to the models used (continuous levels vs. quartiles), as we observed consistent results using the quartile approach in the genotyped EMA dataset (Table S1 in File S1). Additionally, we confirmed that the inclusion in our regression models of more than two genetic ancestry coordinates and the exclusion of the extreme values of distributions did not affect the association between PCBs and ASD.
When we examined the associated PBDE congeners and accounted for genome-wide additive genetic effects predicting their levels, the negative associations between PBDEs and ASD outcome were no longer observed. Although no specific single PBDE-associated SNP explained this result, overall it suggests that a large set of low-impact genetic determinants of PBDE levels are also at least partly responsible for the previously observed association with ASD outcome. Based on these findings, we hypothesized several possible scenarios to explain the negative association between circulating PBDEs and ASD outcome in offspring. First, our evidence showed that at least some associated maternal genetic factors involved in controlling PBDE levels map within or between genes implicated in metabolism of xenobiotic compounds. Thus, a negative association could be driven by toxic metabolites that might be produced by breakdown of organohalogens and negatively correlated with circulating levels of the presumed toxicants. Alternatively, the observation of a negative association between maternal levels of a presumed toxicant and ASD outcome in offspring could be due to pleiotropy of pathways involved in xenobiotic metabolism, with the true risk factors being other substances metabolized by the same enzymes, but, for example, with different affinity. Second, we observed that genes in fetal genetic loci contributing to levels of organohalogens in the maternal bloodstream showed moderate expression in the fetal compartment of placenta (i.e., PTPRD). Thus, transplacental transfer of organohalogens during pregnancy may be driven by the fetal genome expressed in placenta (Bianco-Miotto et al. 2016) , partially driving maternal physiologic and metabolic phenotypic changes during pregnancy as previously described (e.g., blood pressure) (Liu et al. 2015a; Petry et al. 2007 Petry et al. , 2014 . Previous findings showed significant positive correlations between maternal blood concentrations of organohalogens and cord blood after the first trimester (Zhao et al. 2013; Vizcaino et al. 2014 ) of pregnancy and between maternal levels and umbilical cord serum at 6 months of pregnancy (Choi et al. 2014 ) and at delivery (Hernik et al. 2013) providing evidence of the placental transfer of organohalogens between mother and fetus. High maternal-fetal transfer mean ratios were shown for BDE-47 and BDE-99 in a placenta perfused model but a small overall amount was found in fetus (Frederiksen et al. 2010) . However, one study observed that the fetus is exposed to PBDEs from at least the second trimester of pregnancy to birth (Foster et al. 2011) , indicating that the transfer to the fetus could be specific to chemical properties such as molecular weight, lipid solubility, and protein binding (Myllynen et al. 2009 ). We also suggest that transfer may be influenced by the fetal genetic factors of placenta such as variation in transport efficiency and lipid stores. Our results suggest that the circulating levels of organohalogens are associated with genetic factors that might drive the maternal-fetal transfer but we are not able to directly support a hypothesis for the negative association observed between blood levels of PBDEs and ASD outcome. We also speculate that the maternal serum levels of PBDEs account for only a low proportion of the total PBDE accumulated in other biological matrices, such as adipose-rich tissues, and these PBDEs are postnatally transferred to newborns via maternal breast milk (Antignac et al. 2009 ). However, we did not measure organohalogen levels at birth in maternal or neonatal samples or in other biological matrices.
Strengths and limitations
Major strengths of this study include a mother-infant paired sample of varied ancestry, the measurement of chemical environmental pollutants in blood of pregnant women during a gestational time (15-20 wk) relevant to neurodevelopment, and diagnostic confirmation of ASD status. Additionally, the availability of maternal and neonatal genotypes, several confounding factors that predict the levels of exposure, and the ancestry genetic coordinates allowed us to analyze the maternal and neonatal genetic factors that may regulate the levels of circulating environmental chemicals in the maternal bloodstream. Limitations include the reduced power of our sample size to detect moderate heritability and to assess the causality between PBDEs and ASD, the generalization of our findings from the target populations to other populations, the replacement of measurements below the LOD, and the low limit of detection of BDE-28 as well as lack of measurement of other potential confounders such as BMI or diet. Although we have used significance thresholds appropriate for genome-wide testing per biomarker, we have performed testing across a large number of biomarkers and for both maternal and fetal genomes, so any individual results require independent replication.
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Conclusions
Our evidence suggests that maternal and fetal genetic make-up are important determinants of midgestational maternal circulating levels of some environmental organohalogens. Previous results showed that organohalogen levels were associated with metabolic dysfunction, including obesity (Vuong et al. 2016; Frugé et al. 2016) , and PCB levels were associated with gestational and type 2 diabetes (Jaacks et al. 2016; Esser et al. 2016 ) and Parkinson's disease (Hatcher-martin et al. 2012; Petersen et al. 2008) . Our results strongly suggest that the genes involved in xenobiotic and lipid metabolism such as CYP2B6 may be involved in controlling PBDE levels and confirm the association with persistent organochlorine pesticides (OCP) levels. Additional candidate loci, such as PRKCDBP, SUMF1, NDUFS4, and FST, that encode proteins important for hormone, liver, and lipid function may be involved in PCB level regulation. This study also provides evidence that fetal genetic loci near potential metabolic genes such as LOXHD1 and genes previously implicated in neurodevelopment, such as PTPRD, contribute to maternal biomarker levels independent of maternal genotype. The functional relevance of these fetal loci or the second significant maternal locus, near SH3GL2, for circulating chemical levels is unknown. Additional work will be required to uncover novel roles for these genes or other functional elements in these regions. Future studies investigating associations between environmental exposures and metabolic disease or developmental outcomes should therefore consider maternal and fetal genetic determinants of what are thought to be environmental biomarkers.
